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1. Impact of beta () decay on the stellar synthesis of the nuclides
- the fundamental 3 decay in stars : — + B+ v,
- stellar nucleosynthesis via 3 decay in the

2. Beta decay of stored, cooled, nuclides (GSI)
- production, storage, cooling of unstable, highly-charged ions
- electron-capture decay (EC) of H-like and He-like ions




..I'm stardust

..Oh !! That sounds strange..

Be careful! You're not from a better-class family..




1. Beta decay: transmutation

Mass (nucleus) < Z - mass (p) + N - mass (n)

Proton

Nature minimizes the Mass — N <> p

protons (p) = element number
N neutrons (n)
Z + N = A = mass number
—p+p+v,* (P decay)

—n+p+v, (B decay)

A free proton is

A free neutron 1s
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1. 'Primordial' formation of the elements hydrogen, helium, lithium
within the first 200 s after the Big Bang at T =10'!... 10° K
n < p ('thermal equilibrium')
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astro.berkeley.edu Neutrons
Nucleosynthesis ceases for some 100 million years

Coulomb repulsion at decreasing T becomes too large
There are no stable nuclei at mass numbers A =5 and A =8

Free neutrons disappear: n — p + -+ v.* (neutron half-life = 10 min.)



1. The 'second attempt' some 100 million years later




1. We' re all made of stardust
how this happened we know since exactly 50 +1 years™
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* E. Margaret Burbidge, Geoffrey R. Burbidge, William A. Fowler, Fred Hoyle
Review of Modern Physics 29 (1957) 587 B2FH



1. The fundamental 3 decay in stars or the great enigma

Centre of a sun-like star:

Temperature of about 15 - 10° K
Plasma of protons’, electrons-, He

Density: 150g/cm?® = 10?6 p and ¢ /cm?
Mean distance : 2 x 10 ¥ cm

No free neutrons !!

p — n+ "+ v, notpossible !
p +p — *He'" unstable !
p + *He™ — °Li** unstable !

‘He'™ + ‘He™ — 3Be*" unstable !

How will this mystery be resolved ??




1. The fundamental B decay :p +p — + BT+ v,

1. Two protons must come into contact

2. To overcome the Coulomb hill they need about

Coulomb
106 eV-1-- Barrier

datasync.com

Their energy amounts to only
— there are a few protons with (much) (Maxwell distr.)
— there 1s the of quantum mechanics helping

But the protons have only a 'time' of to meet — then they will be pushed away




Within this eye-glance one of the protons gets a neutron according to:
+p—on+p+v)—>(pt+tn) +p+v,— + 3"+ v, + 042 MeV

though a free neutron has a larger rest mass than a free proton !

| because proton and (transmuted) neutron form a
'deuteron™’ = H"*

whose rest mass 1s smaller than
the rest mass of two free protons

For a proton the probability to become
a deuteron is extremely small:
it tries it about 1034 times for nothing

it has to 'wait' about 10 billion years !

‘H"+ p — 3He™ + 5.5 MeV

SHet* + 3Het™ — 4He™ +2p + 13 MeV



1. B decay is also decisive for the next steps of nucleosynthesis

Callinm Chlorine

3SHe + “He — "Be
|EC'

'Be+p—°B

VB—H

Neutrinos from the sun by
ptp—2H =2-10%/s

i d

| Neutrino EI‘]EI‘EE; I MeV) On the earth =




"There are more things
in heaven and earth,
Horatio,
than are dreamt of
in your phantasy"
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W. Shakespeare, Hamlet

e

i3
P

¢

i

K
W
P

b
1 - _-'.1
| :
1
2
L

o

3 - .
[ AN s i
B 5
3 i T
-

A
&

karl-koppe.de



=

- alwlle ¢olare
Neohano “F% s<

( dive it R

\ W am Lo ham d :

\

Sp SNU

Only the neutrino flux measured by many
thousands of detectors in underground
laboratories, monitors the actual energy

production of the sun !



1. Deuteron 2H — fusion to “He, '*C...°%Fe (massive stars)
What happens beyond iron ?

rp-process: rapid proton capture
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All nuclides beyond iron are created in the stars, in particular by B decay, capture of free
protons and neutrons, and by a-decay (yellow) and fission (green)

n—p+p +v.* (P decay, blue); p—n+p"+v, (B decay, red)



. Sites of stellar nucleosynthesis

Accreting white dwarf
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1. Addressing the pathways of stellar nucleosynthesis

Key parameters:
Masses, B - lifetimes, n- capture-, n-y cross-sections

Masses determine the pathways
of s -, rp - and r - processes

B- lifetimes the accumulated abundances

Hot stellar environment : atoms are highly-ionized

— providing highly-charged unstable nuclides
storing them by preserving the charge state — getting the [} - lifetime




2. B decay of highly-charged nuclides : bound 3 decay (f3,,)

pte,—n+v, (EC); time-mirrored EC: n+v,—p+e, (B;)

B, 1s a B decay-mode, significant for atoms
— decay energy, from neutral atoms
— stable neutral atoms can get , 1f bound electrons are removed

stable

Bare 163Dy66+ :

(Z,N) » (Z-1,N+1) (Z,N) > (Z+1,N-1)

EC p.




2. Half-life of B, decay provides

BIBEOEEsS ’ B+ decay: From the half-life
o.”‘ 0.." ®e .“ p —n+ B+ -+ Ve
SR, of bare 103Dy®¢*

Er 162 - 164— 166?

N o
Ho 163gu il \% ........... \ and abundances of
Dy HgGale el

163Dy, 163H0 and 164EI.
S process
F. Kéappeler -
S- process at A =163

caused by B, decay of highly-charged Dy

M. Jung et al., Phys. Rev. Lett. 69, 2164 (1992)




. Production, storage, cooling of unstable, highly-charged ions
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2. The ESR: E__, =420 MeV/u, 10 Tm, e -, stochastic 'cooling’




2. Cooling': enhancing the phase space density

Electron cooling: G. Budker, 1967 Novosibirsk

with a cold, collinear e- beam. The ions
get the sharp velocity of the electrons,
small size and small angular divergence




2. Schottky Mass-and Lifetime Spectrometry SMS

From the FRS A\ yi
RPY T Af 1 A(m/ CI) + (1 ¥ 2)
S st —— -—2 — E
V\b\QtTJadrupole- Hexapo{e—' f 'Yt m/q J/t
triplet magnets / ¢
Dipole magnet Septum-—"""

Electron
goler

amplification

Schottky summation
Pick-ups

FFT

= Quadrupole-
dublet

RF-Accelerating Fast kicker
cavity magnet

Stored ion beam

Continuous digitizing and storage of raw data
Extraction



Electron
Cooler

4 particles with
different m/q

Yu. A. Litvinov

| GEMEINSCHAFT

({f" HELMHOLTZ



Sin(w,)

Sin(w,)
| Fast Fourier Transform
k L) [ | tin:e )3) (D4 (D3 ('02 (D1

frequency
\/\/\/\/\ Sino)

@' HELMHOLTZ o
| GEMEINSCHAFT === 1




Schottky frequency spectra
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2. Measured Mass Surface

Mass surface covered
Masses of more than 1100 with the time-resolved

Nuclides were measured Schottky Mass
Spectrometry

Mass accuracy: - :_=...:'. I
SMS 1.5 107 up to 4 -10-8 : = -
IMS =5 -107 T r-process

Results: ~ 350 new masses ' QfoHo path

In addition more than Brn o

300 improved mass values

50

rp-process
path

Mass surface covered
with Isochronous Mass

] _. Spectrometry
| - Il"'r from Schottky frequencies — masses
85 — - 28
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New super-heavy 14 8

isotopes n =
:% ™ el F5
Ny Mass measurements g a3
& at SHIPTRAP I
.|
162

Mass measurements
in the ESR 82

New isotopes

p-emitters / 106  andisomers

Mass measurements - Bound-state
at SHIPTRAP ? g o beta decay

2p-emitters
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B decay: Electron Capture (EC), bound (3 decay (j3,)

p + ﬁ_b < nt ve
10nic in the decay
change of revolution frequency I only due to

(Z,N) 3 (Z-1,N+1) (Z,N) 3 (Z+1,N-1)

EC B,




2. Cooling: B, decay of bare 20/TI81+— H-like 207Pb31+

900 1000 100 1200 1300 1400
w o — B1240000 [Hz]
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2. Ratio of EC -probabilty for H- and He-like ions

Mg /Agc (neutral atom) = 1

Expectations: | ; jike)  (He-like) = 0.5

FRS-ESR Experiment

M(neutral) =0.00341(1) s

G.Audi et al., NPA729 (2003) 3
Ag(bare) =0.00158(8) s (decay of 140Pr>9+)
Aec(H-like) =0.00219(6) s' (decay of 140Pr58+)
Aec(He-like) = 0.00147(7) s (decay of 140Pr37*)

140 Ce58+

r—
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Aec(H-like)/Azc(He-like) = 1.49(8) Time after injection [min]

Yu. A. Litvinov et al.,
PRL 99, 262501 (2007)




The H-like 140Pr8* jon decays faster than the neutral *9Pr atom !

Gamow-Teller transition 1+ - 0*

F(140Pr58+) — 1 + 1/2 F(1400958++Ve) — 1/

S. Typel and L. Grigorenko
M =+2.7812 py (calc.)

Probability of EC Decay Theory: Z. Patyk et al., PR C77, 014306 (2008)

Neutral 4°Pr: P =2.381
He-like 14Pr: p=2
H-like 14Pr: pP=3

A(H)/A(He) = (21+1)/(2F+1)




2. B decay of stored and cooled ions
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2. Properties of the observed time < frequency traces

1. Well-defined quantum states

2. observation

B 3. Parent/daughter

t=49.92s 4. Detection of all EC decays
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6. Daughter nucleus and v,
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Revolution frequency - by momentum and energy —

from measured frequency: — p transformed ton  (hadronic vertex)
— bound e annihilated (leptonic vertex)

if conservation of lepton number holds
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H-like 142Pm®0+: from 7011 injections

Amplitude [arb. units]
o — M (%] =Y n

)
-
-
Q
(&
)
w
O
-
S
D
= N
w
>
(O
O
D
w

Time after injection into the ESR [sec



2. A few out of many questions

1. Are the modulations with a period of 7 seconds real ?

— Artefacts nearly statistical significance only
2. Can the over macroscopic times

for a motion confined in an electromagnetic potential ?

Do we have a ?7?
3. Do we the clock (phase) by the continuous observation?
4. Do we observe a kind of due to the fact that

the created electron-neutrino is not a mass eigenstate ?




Conclusion to be drawn - after all

d 9 d ] 9 a d
the earth, the moon, the sea and all other
things are made of...

... Without the weak force neither the sun,
the stars, nor ourselves would exist...

Honey, you' re right: I' Il put the Karlsruhe
Chart into the genealogical tree
of my upper-class family!




FRS/ESR Mass - and Lifetime - Collaboration
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Classical quantum beats vs.EC-decay in the ESR

Quantum beats
- well-defined initial states
- excited atom moves In space
- observation time - microseconds

EC - decay of H-like ions stored in a ring
- parent atom created by
- moves by electromagnetic forces
- interacts with e- of the cooler, atoms, beam pipe..
- observation time some




1. The deep entanglement of nuclear structure and stellar nucleosynthesis
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Beats due to neutrino being a mass eigenstate?
A few out of many objections :

1. No coherence due to the of mass eigenstates
C. Giunti, arXiv: 0801.4639v1 [hep-ph], January 30, 2008

| Ve (tg) > = Z A (ty) | vidlty) > (eq. 9)

— decay amplitude A(t,) = ( )1/2
One has to | v (ty)> onto the flavour eigenstate
at the moment t, of the of the neutrino(s)
|V (tg) > = Z Aty | vy (tg) >

— decay amplitude A(ty) = ( )1/2




Beats due to neutrino being a mass eigenstate?

1. We do'nt observe the neutrino:— no interference (H.Feldmeier)

2. Beats are only possible if the Is determined at
both the (M. Lindner)

3. One observes the quantum state of the system
— no beats (C. Giunti, arXiv: 0801.4639V2),
except the two states be distinguished (C. Giunti V3)




EC in H-like ions for nuclear g.s. — g.s. transitions

Decay identified by of atomic mass at time t;
Different due to emission characteristics of the neutrino
total line width(s)

(=01s) = >> (=7s)=

Involved

— daughter nucleus and neutrino by momentum-
and energy conservation — scenario




1. B decay and stellar nucleosynthesis: CNO-cycle

1.20 MeV

{max)

() Electron (+)

@ Photon
0 Neutrino




Why we have to restrict onto 3 injected ions at maximum ?

The variance of the amplitude gets larger than the step 3—4 ions
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Examples of measured time-frequency traces

o § 20 : =P . t=18.64 s
; | S 30—; 5 )
"3 . _‘_- -.EC . L '.ra’-:; 40-: 142Pm60+ 1 : 142 Nd 60+
€ 50 ' = 1=49.92's E 50 ' '
§ 60 I _ ; : 60 - ¢
o : : ' o _ ] <+
E ] - ] -140C958+ E ™7 B" or loss

. | ] N 80 t=67.84 s

904 . ... e AN - LN A 0

7.2 7.4 7.6 7.8 80 8.2 8.4 86 88 9.0

Revolution frequency - 59270 [kHz

1. Continuous observation 3. Detection of all EC decays

2. Parent/daughter correlation 4. Delay between decay and
"appearance” due to cooling



"Classical” quantum beats

Coherent excitation of an electron in
two quantum states, separated by AE
at time t,, e.g. 3P, and 3P,

Observation of the decay photon(s) as
a function of (t-t;)

Exponential decay modulated by
cos(AE/h 21 (t-t;))

if AT << At = h/(2wAE)
— whether E, or E,

"which path"? addition of

l\ﬂN\:’\MﬁN 1ﬂu’\ﬂxﬂﬁﬁmﬁw‘u\u

- AT -

U R

50 ) 60 70 8O

Fig. 24. Zero-field oscillations between the 1s 3p “E'l and 1s 3p BP; states in He l ( MHz), Wittmann | 248] . The oscillations

are superimposed on the exponential decay of the 1s 3p 3P term (96 ns). To record ecay curve about 10 hours beam time

(a few pA) and more than 20 carbon foils wer eded

Chow et al., PR A11(1975) 1380




transfer from F = 1/2 to "sterile" F = 3/2 ?

= 1. Decay constants for H-like °Pr and 42Pm should
get smaller than expected. — NO

= 2. Statistical population in these states after
. t = max [1/Ag;,, 1/Agec ]

= 3. Phase matching over many days of beam time?




Quantum beats vs. EC-decay in the ESR

= Quantum beats

- - two well-defined initial states
. - excited atom moves frez in space
4 - observation time nanoseconds -

microseconds

= EC - decay of H-like ions stored in a ring

. - parent atom created by nuclear reaction

4 - moves confined by electromagnetic forces

- - interacts with e- of the cooler, atoms, beam
pipe..

4 - observation time some 10 seconds




arXiv.org > nucl-th > arXiv:0811.2302v1

Spin-rotation coupling in non-exponential decay of
hydrogen-like heavy ions

G. Lambiase, G. Papini, G. Scarpetta
(Submitted on 14 Nov 2008)

We discuss a model in which a recently reported modulation in the decay of the hydrogen-like ions
140pr58+ and 142Pmé%* arises from the coupling of rotation to the spin of electron and nuclei (Thomas
precession). A similar model describes the electron modulation in muon g-2 experiments correctly.
Agreement with the GSI experimental results is obtained for the current QED-values of the bound
electron g-factors, g('4°Pr5%*)=1.872 and 142Pm¢%*=1.864, if the Lorentz factor of the bound electron
is about 1.88. The latter is fixed by either of the two sets of experimental data. The model predicts
that the modulation is not observable if the motion of the ions is linear, or if the ions are stopped in
a target.



http://arxiv.org/find/nucl-th/1/au:+Lambiase_G/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Papini_G/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Scarpetta_G/0/1/0/all/0/1
http://arxiv.org/
http://arxiv.org/list/nucl-th/recent

Beta-Decays on the Chart of Nuclides

neutron dripline

proton dripline

fusion Astrophysical scenarios:

high temperature = high
degree of ionization

Proton Number ———p

Myers & Swiatecki
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Landscape of precisely measured masses at GSI

Masses of more than 1100
Nuclides were measured
Mass accuracy:

SMS 1.5 107 up to 4 -10-8
IMS ~1 106

Result: ~ 350 new masses

In addition more than
300 improved mass values

rp-process
path

Mass surface covered
with the time-resolved
Schottky Mass
Spectrometry

82

r-process
path

Mass surface covered
with Isochronous Mass
Spectrometry

ILIMA, Technical Proposal
Yu.A. Litvinov, G. Audi et al.



2. Results: Number of EC decays of H-like 49Pr%%*/ s in the 1. run
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u2. Fit results: pure exponential (1); superimposed oscillation (2)

"dNgc (t)/dt =Ny exp {- M} Agc 3 A = Ags + Aec * Aoss (1)

*dNgg (1)/dt = Ng exp {- M} Ac(t); Aeclt) = Aec [1+8 cos{ut+)]
2)




Beats due to neutrino being a mass eigenstate?

The appears as superposition of mass eigenstates
| ve> = cosB |v,> +sind |v,>

The appear as coherent superpositions of states with the

electron neutrino mass eigenstates by momentum- and energy conservation

M+p22M+E, =E
. P Ei) M+p22M+ E,=E
"Asymptotic" conservation of E, p

M, p32/2M
Ei2 — pi2 + mi2
m,2—m,?=A’m =8 - 10°eV?

AE, = A’m/2M

Ap,=-A’m/2<p,>= 2.0-10" eV




= cos (AE/mt)with T, =hy/AE=
/s

= a) M =140 amu, E, = 3.39 MeV (Pr)
= b)M=142 amu, E, = 4.87 MeV (Pm)

s M=141 amu, y = 1.43, A2m,, = 8 - 105 V2



Can data of stored and implantec ions be compared?

P.A. Vetter et al (2008): Implantation of 42Pm in a lattice
arXiv: 0807.0649 (PLB) Observation of K x-rays of daughter:
— pure exponential decay observed

T. Faestermann et al (2008): Implantation of '8°Re into a lattice:
arXiv:0807.3651 (PLB) Observation of y rays of daughter
— pure exponential decay observed




. For the two-body EC decays of H-like °Pr and '42Pm
periodic modulations according to e At [1+a cos(wt+®))]
= with T,, =2m/w =7s, a= 0.20 were found

4 Statistical fluctuations are not excludedonac.l.> 350

4 Supposing AE = h y/T_, = A%, | 2M (Y = 1.43)
. _)Am12 (2MhV)lT|ab_220 10 4eV2

. Things will become really interesting only if
. oscillations would be observed for other
- two-body beta decays with different periods
. (proportional to nuclear mass ??)




Decay scheme of 122] — Experiment in August 2008

122 |
53
Qg = 4234 keV

2+ 7.4 ps 565 P 14.0 %

+ stable 0 81.9%
———————————————————




Decay statistics

Correlations: 10.808 injections ~1080 EC-decays
Many ions: 5718 injections ~5000 EC-decays

Analyzed :
|. About 60% of the overall data

Il. About 20% of the overall data
Automatic analysis is delayed




1. B decay and stellar nucleosynthesis: s-, rp-, r- process
- process: interplay of slow neutron capture and [5- decay
near the valley of stability. Site: supergiant stars

- process: interplay of rapid neutron capture and [3- decay
site: perhaps exploding supernova Il (7?)

- process: interplay of rapid proton capture and " decay
site: binary system (white dwarf and red giant)
onset of explosive H-burning by accreting mass




...understanding finally the relative

In our solar system and anywhere else
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2. Production and Separation of exotic nuclides
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2. Three- and two-body [3 decay of
stored and cooled ions

175 73+ 175 T4+
W Re

175 73+
Re
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%)
-
o
S}
O
08
=
—
@
®
()
=

8.4 85 153.9 1540  154.1
Frequency / kHz

Time/channel = 30 sec.




7))
C
O
—
O
)
C
<~
~
o
N
&
O
| -
Y—
7p)
>
O
O
)
)
O
LLI

Time after injection into the ESR [sec

H-like 142Pm©60+:




	  
	Outline
	Slide Number 3
	1. Beta decay: transmutation proton (p) ↔ neutron (n) � 
	Slide Number 5
	1. 'Primordial' formation of the elements hydrogen, helium, lithium�             within the first 200 s after the Big Bang at T = 1011... 109 K �                                     n ↔ p ('thermal equilibrium')�  
	Slide Number 7
	1. We' re all made of stardust�how this happened we know since exactly 50 +1 years* 
	1.The fundamental β decay in stars or the great enigma
	1. The fundamental β decay  : p + p → 2H+  + β+ + νe
	  Within this eye-glance one of the protons gets a neutron according to: �  p + (p → n + β+ + νe) → (p + n)+ + β+ + νe → 2H+ + β+ + νe + 0.42 MeV�     though a free neutron has a larger rest mass than a free proton ! 
	  1.  β decay is also decisive for the next steps of nucleosynthesis 
	Slide Number 13
	The most important but never communicated news:
	Slide Number 15
	1. Sites of stellar nucleosynthesis �     �  
	Slide Number 17
	�1. Addressing the pathways of stellar nucleosynthesis 
	2. β decay of highly-charged nuclides : bound β decay (βb)
	2. Half-life of βb decay provides s-process temperature T  
	Slide Number 21
	2. The ESR : Emax = 420 MeV/u, 10 Tm, e- -, stochastic 'cooling' 
	   2. Cooling': enhancing the phase space density�                      
	2. Schottky Mass-and Lifetime Spectrometry SMS 
	Slide Number 25
	Slide Number 26
	    Schottky frequency spectra
	2.  Measured Mass Surface
	Slide Number 29
	2. Two-body β decay: Electron Capture (EC), bound β decay (βb) 
	    2. Cooling: βb decay of bare 207Tl81+→ H-like 207Pb81+ 
	Slide Number 32
	2. Ratio of EC -probabilty  for H- and He-like ions�
	Slide Number 34
	Slide Number 35
	Slide Number 36
	2. Properties of the observed time ↔ frequency traces
	Slide Number 38
	Slide Number 39
	2. A few out of many questions
	Conclusion to be drawn - after all
	           FRS/ESR Mass - and Lifetime - Collaboration
	Slide Number 43
	Slide Number 44
	A few out of many objections :
	1. We do'nt observe the neutrino:→ no interference (H.Feldmeier)
	��  
	1.  β decay and stellar nucleosynthesis: CNO-cycle�
	Slide Number 49
	Examples of measured time-frequency traces
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Beta-Decays on the Chart of Nuclides
	       Landscape of precisely measured masses at GSI
	2. Results: Number of EC decays of H-like 140Pr58+ / s in the 1. run
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Can data of stored and implanted ions be compared?
	Slide Number 62
	Slide Number 63
	Slide Number 64
	1. β decay and stellar nucleosynthesis: s-, rp-, r- process 
	        ...understanding finally the relative abundances �    of all nuclides in our solar system and anywhere else
	Slide Number 67
	Slide Number 68
	Slide Number 69

